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Plants accumulate crystals of calcium oxalate in a variety of shapes, sizes, amounts, and spatial locations. How and why
many plants form crystals of calcium oxalate remain largely unknown. To gain insight into the regulatory mechanisms of
crystal formation and function, we have initiated a mutant screen to identify the genetic determinants. Leaves from a
chemically mutagenized Medicago truncatula population were visually screened for alterations in calcium oxalate crystal
formation. Seven different classes of calcium oxalate defective mutants were identified that exhibited alterations in crystal
nucleation, morphology, distribution and/or amount. Genetic analysis suggested that crystal formation is a complex process
involving more than seven loci. Phenotypic analysis of a mutant that lacks crystals, cod 5, did not reveal any difference in
plant growth and development compared with controls. This finding brings into question the hypothesized roles of calcium
oxalate formation in supporting tissue structure and in regulating excess tissue calcium.

Crystals of calcium oxalate are widespread among
microorganisms, plants, and animals (Hodgkinson,
1977). They are formed from environmentally de-
rived calcium and from biologically synthesized ox-
alate. In plants, calcium oxalate crystals are found in
more than 215 families and often account for a sub-
stantial portion of the plant’s dry weight (McNair,
1932). Oxalate-producing plants, which include
many crop plants, accumulate oxalate in the range of
3%–80% (w/w) of their dry weight (Zindler-Frank,
1976; Libert and Franceschi, 1987).

Although crystal formation is common in plants,
very little is known about the mechanisms regulating
oxalate production and crystal formation (for review,
see Webb, 1999). A number of pathways for oxalate
production have been proposed. These pathways in-
clude the cleavage of isocitrate, hydrolysis of oxaloa-
cetate, glycolate/glyoxylate oxidation, and/or oxida-
tive cleavage of L-ascorbic acid (Hodgkinson, 1977).
Of these pathways, the cleavage of ascorbic acid ap-
pears to be the most attractive (Yang and Loewus,
1975; Nuss and Loewus, 1978; Li and Franceschi,
1990; Keates et al., 2000). Once produced, the oxalate
then combines with calcium to generate the vast va-
riety of observed crystal shapes and sizes. The mech-
anism by which this process is controlled remains
unknown. It has been suggested that a number of

factors play a role in defining crystal shape and
growth. These factors include macromolecules such
as proteins, polysaccharides, and lipids as well as
macromolecular membrane structures (Horner and
Wagner, 1980; Arnott and Webb, 1983; Webb, 1999).
Further studies are required to identify the path-
way(s) of oxalate production and calcium oxalate
crystal formation.

The diversity of crystal shapes and sizes, as well as
their prevalence and spatial distribution, have led to
a number of hypotheses regarding crystal function in
plants. The proposed functions include roles in ion
balance, in plant defense, in tissue support, in detox-
ification, and in light gathering and reflection (for
review, see Franceschi and Horner, 1980). More ex-
tensive analysis is required to clarify the functional
role(s) of calcium oxalate formation in plants.

Although crystal formation has intrigued scientists
for many years, our knowledge about crystal forma-
tion is incomplete. Thus far, investigations into crys-
tal formation and crystal function have relied primar-
ily on biochemical (Franceschi et al., 1993; Webb et
al., 1995) and cellular approaches (for review, see
Arnott and Pautard, 1970; Franceschi and Horner,
1980; Zindler-Frank, 1987; Webb, 1999). Such studies
have provided valuable information about the crystal
ultrastructure and the developmental stages of crys-
tal formation. These approaches, however, have been
impeded by the relatively small number of crystal
idioblasts (specialized calcium oxalate accumulating
cells) present in a given tissue and by the technical
difficulties associated with isolating intact crystal id-
ioblasts in sufficient quantities for experimental
study. A genetic approach would circumvent such
technical limitations (e.g. idioblast number) and is a
proven complement of biochemical and cellular in-
vestigations (Browse and Somerville, 1994; Schuma-
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cher and Chory, 2000). Mutant analysis would allow
the identification of genes expressed at low levels or
those only transiently expressed in the crystal idio-
blast. In addition, genetic analysis would provide
insights into the functional role of each identified
gene and into the sequential placement of each gene
within the pathway(s) of crystal development.

In this study, we report the establishment of a
genetic screen to investigate calcium oxalate forma-
tion in plants. In brief, leaves from a chemically
mutagenized Medicago truncatula population were in-
spected for alterations in calcium oxalate deposition.
Key attributes of M. truncatula include its short gen-
eration time, small genome size (3–4 times the size of
Arabidopsis), ability to be transformed, autogamous
and diploid nature, and spatial pattern of calcium
oxalate crystal formation. M. truncatula is a model
system for legumes, and thus many of the genetic
and molecular tools that will be required for long-
term genetic studies are under current development
(Cook et al., 1997). Thus far our screen has led to the
identification of a number of calcium oxalate defec-
tive (cod) mutants that display a variety of crystal
phenotypes. These phenotypes include alterations in
crystal nucleation, crystal morphology, crystal distri-
bution, and/or crystal amount. Characterization of a
mutant that lacks the ability to form crystals indicates
that calcium oxalate formation is not required for
normal growth and development under controlled
greenhouse or growth chamber conditions. This ob-
servation challenges the hypotheses that crystal for-
mation, at least in this species, is essential for calcium
regulation and/or tissue support. The availability of
cod mutants will allow the study of many aspects of
crystal formation and function that have been previ-
ously inaccessible.

RESULTS

Genetic Model to Study Calcium Oxalate Formation

In selecting a plant genetic system suitable for in-
vestigating crystal formation, we had to identify a
plant that could satisfy two criteria. First, the plant
had to form crystals of calcium oxalate in an easily
discernable pattern. Second, the plant had to be ame-
nable to genetic study. Unfortunately, the simplest
plant genetic model, Arabidopsis, adequately satis-
fied only the latter of the two requirements. There-
fore, we inspected tissue harvested from a number of
plants searching for a suitable model system. The
model system we chose that satisfied both criteria
was the forage crop M. truncatula. M. truncatula
is currently being developed as a model legume sys-
tem (Cook et al., 1997). Thus, many of the genetic
tools required for long-term genetic study will be
available.

Genetic Screen for cod Mutants

To establish the wild-type crystal accumulation
pattern, tissue from various parts of the plant were
visually inspected using the light microscope. Al-
though crystals were observed in various parts of the
plant, we decided to use leaves as the tissue source
for our genetic screen. Upon inspections of wild-type
leaves, prismatic crystals (twinned) were easily dis-
tinguished, accumulating along the vascular strands
of secondary veins (Fig. 1, A and B). This defined
pattern of vascular crystal accumulation would allow
easier recognition of altered patterns of crystal for-
mation. A comparison between young, expanding
leaves and mature leaves revealed that the older
leaves also accumulated small, globular-shaped crys-
tals sparsely scattered throughout the mesophyll
cells (Fig. 1, C and D).

To identify mutants in calcium oxalate crystal for-
mation, M2 populations of ethyl methanesulfonate
(EMS)-mutagenized M. truncatula plants were screened
for defects in crystal deposition. A single leaf from
each of 6,653 M2 plants was visually inspected for
alterations in the pattern of crystal deposition. We
predicted that this screening procedure would lead
to the identification of cod mutants with alterations in
crystal number, size, shape, and/or distribution pat-
tern. Putative mutants identified by this screening
procedure were transferred to soil and allowed to
self-fertilize. The M3 plants were then grown and the
mutant phenotype confirmed. Although subtle dif-
ferences exist (between plants of the same age), the
cod mutants appeared generally similar to wild-type
in overall growth and development (Fig. 2A). One
noticeable exception was mutant cod 4 (Fig. 2A), which
appeared somewhat smaller and more chlorotic.

To determine the genetic basis of the individual
mutants, each mutant was crossed with wild type.
The resulting F1 plants were analyzed for crystal
phenotype, and all exhibited a wild-type crystal pat-
tern indicating that each mutation was recessive. In
addition, segregation analysis of the F2 populations
(Table I) fit the Mendelian expected ratio of 3:1 for a
single recessive mutation. To determine if each mu-
tant was a result of a mutation in a separate gene,
complementation analysis was performed. The F1
plants, generated from separate crosses between each
mutant line, all exhibited a wild-type crystal pheno-
type. Thus, the seven cod mutants were determined
to be non-allelic.

Change in Crystal Number and Distribution

Four mutants (cod 3, cod 4, cod 5, and cod 6) showed
alterations in crystal number (Fig. 2B). Mutant cod 5
lacked crystals, whereas cod 6 accumulated fewer
crystals than wild type. The cod 6 mutant showed the
same spatial calcium oxalate accumulation pattern as
wild type by accumulating crystals along the vascu-
lar strand. The accumulated crystals, however, were
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smaller, globular in shape, and fewer in number. The
cod 5 mutant did not accumulate crystals along the
vascular strand.

The increase in crystal number observed in cod 3
and cod 4 was attributed to an increase in the spatial
distribution of calcium oxalate accumulation. Like
wild-type plants, cod 3 and cod 4 accumulated crystals
along the vascular strand; however, they also accu-
mulated crystals within mesophyll cells (Fig. 2B).
Although wild-type plants are capable of crystal for-
mation within the mesophyll cells, crystals are not
observed until much later in development. Mutant
cod 4 exhibited normal prismatic crystal development
along the vascular strand and globular-shaped crys-
tals within many of its mesophyll cells. To eliminate
the possibility that the globular-shaped structures
were simply starch aggregates, leaves from cod 4
were separately incubated in Lugol solution and in
ethanol/commercial bleach (Ilarslan et al., 1997).
Each incubation indicated that the globular struc-
tures were not starch (data not shown). On the other
hand, mutant cod 3 exhibited thin wafer-like crystals
within both the vascular strand and more globular-
shaped crystals within the mesophyll cells.

Change in Crystal Shape and Size

Several mutants (cod 1, cod 2, cod 3, cod 6, and cod 7)
exhibited a change in crystal shape and size (Fig. 2B).

Large diamond-shaped crystals were observed in cod
1. Mutant cod 3 also showed diamond-shaped crys-
tals along the vascular strand and globular-shaped
crystals within the mesophyll cells. These crystals,
however, were much smaller and thinner. Kinked
rectangular crystals were observed in cod 2. In addi-
tion to having an altered shape, the cod 2 crystals also
appeared much thinner than the wild-type prismatic
crystals. Mutant cod 6 not only had fewer crystals, but
also exhibited crystals that were much smaller and
appeared as spots along the vascular strand. The
crystal profile of cod 7 resembled wild type in general
shape, but showed unusual globular protrusions
from the crystal surface, which we speculate may
represent additional nucleation sites.

Oxalate and Calcium Content

Measurements were conducted to determine if ox-
alate levels correlated with the observed changes in
crystal accumulation (Table II). Measurements of
wild-type leaves showed a total oxalate level of about
21 mg g21 dry weight with the majority of the tissue
oxalate residing in the insoluble form (calcium ox-
alate). The insoluble oxalate was determined to be
the calcium salt by energy dispersive x-ray elemental
analysis conducted on isolated crystals (data not
shown). Although altered in crystal morphology, the

Figure 1. Crystal development in leaves of M.
truncatula. Leaves were harvested, cleared, and
visually inspected using light microscopy. A rep-
resentative region of a secondary vein and sur-
rounding mesophyll is shown in A, B, C, and D.
A single expanding leaf (cleared whole mount) is
shown under bright field (A) and between crossed
polarizers (B). Scale bar 5 10 mm. Prismatic cal-
cium oxalate crystal (white coffin-shaped struc-
tures) were observed accumulating exclusively
along the vascular strand. A whole-mount com-
parison between an expanding leaf (C) and a fully
expanded leaf (D) is shown between crossed po-
larizers. In addition to the prismatic crystals
present along the vascular strand, small globular-
shaped crystals (white spots) were observed
sparsely distributed within the mesophyll cells of
the more mature leaf (D). Scale bar 5 20 mm. VS,
Vascular strand; GC, guard cell; M, mesophyll;
Cr, calcium oxalate crystal.

Calcium Oxalate-Defective Mutant
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two mutants, cod 1 and cod 7, showed a crystal pattern
and size similar to those of wild type and likewise
had levels of oxalate similar to that of wild type. The
two mutants, cod 5 and cod 6, which showed a de-
crease in crystals, also exhibited a corresponding re-
duction in the total amount of oxalate. Oxalate levels
were barely detectable in cod 6 and at the level of
detection in cod 5. Measurements conducted on cod 2

also showed a reduction in oxalate level. Thus, the
reduction in oxalate levels may be attributed to a
decrease in thickness and size of the individual crys-
tals (Fig. 2). Mutant cod3 and cod 4 showed an in-
crease in the total amount of oxalate.

Measurements were conducted to assess whether
calcium levels corresponded with changes in the
amount of oxalate (Table III). Levels did vary, but no

Table I. Segregation analysis of the cod mutants

Mutant
F1 (Mutant 3

WTa) Phenotype
F2 Segregation
(WT:Mutant)

Expected Ratio
(WT:Mutant)

x2 P

cod 1 WT 117:34 3:1 0.50 0.48
cod 2 WT 111:33 3:1 0.33 0.56
cod 3 WT 218:69 3:1 0.14 0.70
cod 4 WT 444:159 3:1 0.60 0.44
cod 5 WT 115:39 3:1 0.01 0.93
cod 6 WT 151:48 3:1 0.08 0.77
cod 7 WT 108:40 3:1 0.32 0.57

a WT, Wild type.

Figure 2. cod mutants. A, Control plant (C) and
individual cod mutants (1–7) grown under
greenhouse conditions. B, A representative por-
tion of a whole-mount leaf clearing, showing a
secondary vein and surrounding mesophyll
cells, from the control plant and each cod mu-
tant (1–7) are shown under polarizing optics.
Crystals appear as bright spots. The mutants cod
1, cod 4, and cod 5 showed changes in crystal
number compared with controls. Mutants cod 3,
cod 4, and cod 5 showed changes in the pattern
of crystal distribution. Changes in crystal size
were observed in cod 1, cod 3, and cod 6,
whereas changes in crystal shape were observed
in cod 1, cod 2, cod 3, cod 6, and cod 7. All
mutants shown were backcrossed a minimum of
two times and are of the same age. VS, Vascular
strand; M, mesophyll; Cr, calcium oxalate crys-
tal. Scale bars 5 10 mm.
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mutant showed any substantial reduction in the
amount of calcium compared with control plants
(approximately 20 mg g21 dry weight). This finding,
along with the widely varying calcium oxalate levels,
indicated that some of the isolated mutants have
drastically altered the amount of calcium they se-
quester as the oxalate salt.

DISCUSSION

Genetic analysis of the cod mutants (cod 1, cod 2, cod
3, cod 6, and cod 7) revealed that a single point mu-
tation can result in a variety of different crystal
shapes and sizes. Although the specific genes that
have been altered are not yet known, the results
show that the control of crystal morphology is com-
plex (five different loci identified thus far) and under
strict genetic control. As suggested by studies in
other systems, mutations affecting protein, lipid, or
polysaccharide function could all contribute to alter-
ations in crystal size or shape. We currently are gen-
erating plants that contain multiple mutations. Anal-
ysis of the resulting plants will provide further
insight into the genetic mechanisms regulating crys-
tal nucleation, growth, and morphology.

A variety of functional roles have been hypothe-
sized for calcium oxalate formation, based on the
natural variation in crystal number, morphology, and
distribution that exists among different plant species.
Roles in ion balance (e.g. calcium regulation), in tis-
sue support, in plant defense, in light gathering and
reflection, and in detoxification have all been pro-
posed (Franceschi and Horner, 1980). Calcium regu-
lation (for review, see Franceschi and Loewus, 1995)
and plant defense (Thurston, 1976), however, are the
only proposed roles supported by experimental data.
Studies in support of a role in calcium regulation
have shown that calcium oxalate crystals rapidly in-
crease in size and number as the concentration of
calcium in the plant environment is increased
(Zindler-Frank, 1975; Franceschi and Horner, 1979;

Borchert, 1985, 1986; Franceschi, 1989). The possibil-
ity that this high-calcium sequestration system
evolved to prevent intracellular calcium toxicity
through the formation of the osmotically and physi-
ologically inert calcium oxalate crystal is intriguing.
When grown in soil under greenhouse conditions, M.
truncatula sequesters about 34% (w/w) of its total leaf
calcium as crystals of calcium oxalate (calculated us-
ing measured values from Tables II and III). The
sequestration of such a large percentage of calcium in
the crystalline form suggests that the amount of cal-
cium is in excess of what is needed for leaf growth
and cellular function. Like control plants, leaves from
the cod 5 mutant had comparable calcium levels. In
contrast to control plants, the cod 5 mutant does not
sequester calcium in the crystalline form. This lack of
crystals did not appear to cause any change in
growth or physical characteristics of the cod 5 plant.
This finding indicates that, under the growth condi-
tions used in this study, calcium oxalate formation is
not essential for normal growth and development in
M. truncatula. Alternatively, it is possible that the cod
5 mutation confers another mechanism(s) of calcium
regulation that compensates for the lack of crystals.
Further analysis of the mutants under a variety of
different environmental conditions/regimes (e.g. cal-
cium, other minerals, light, temperature, water stress,
etc.) is required before a definitive conclusion can be
drawn.

Another hypothesis that is not supported by obser-
vations of cod 5 is a role for calcium oxalate formation
in supporting tissue structure. The lack of an observ-
able difference in leaf or plant rigidity between cod 5
and wild-type plants suggests that calcium oxalate
formation does not play a crucial role in the support
of tissue structure, at least in M. truncatula. Overall,
the different cod mutants isolated in this study will
allow the systematic examination of these and other
hypothesized roles for calcium oxalate formation.

Table II. Oxalate content in leaves
Leaves from control and each cod mutant were harvested from

8-week-old plants, frozen in liquid nitrogen, and freeze dried. Ox-
alate measurements were conducted on weighed leaf samples using
an enzymatic assay. Values represent averages from three indepen-
dent experiments each conducted in duplicate (mean 6 SE).

Mutant
Calcium Oxalate

Insoluble Soluble

mg g21 dry wt

Control 21.4 6 0.8 1.4 6 0.2
cod 1 23.6 6 0.9 1.3 6 0.2
cod 2 8.6 6 0.5 1.2 6 0.4
cod 3 29.6 6 0.7 1.4 6 0.1
cod 4 35.1 6 4.3 1.4 6 0.3
cod 5 0.3 6 0.3 1.0 6 0.2
cod 6 1.9 6 0.4 0.6 6 0.1
cod 7 20.3 6 0.4 1.5 6 0.2

Table III. Calcium content in leaves
Leaves from control and each cod mutant were harvested from

8-week-old plants, frozen in liquid nitrogen, and freeze dried. Cal-
cium measurements were conducted on weighed leaf samples using
atomic absorption spectrophotometry. Values represent averages
from three independent experiments each conducted in duplicate
(mean 6 SE). Data are from mutants reselected after at least two back
crosses; cod 4 and cod 5 were backcrossed four times and three
times, respectively.

Mutant Calcium

mg g21 dry wt

Control 19.9 6 0.7
cod 1 18.0 6 0.1
cod 2 18.9 6 0.5
cod 3 20.9 6 0.2
cod 4 19.2 6 1.1
cod 5 16.9 6 0.2
cod 6 17.6 6 0.9
cod 7 18.0 6 0.4

Calcium Oxalate-Defective Mutant
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In addition to providing insight into calcium ox-
alate formation and function in plants, the developed
genetic system will also benefit studies investigating
the effects of oxalates on human health. Nutritional
studies have shown that oxalate is an anti-nutrient
that sequesters calcium in a state that renders it un-
available for nutritional absorption by humans
(Weaver et al., 1987; Heaney and Weaver, 1989;
Weaver et al., 1997). The impact of oxalates on cal-
cium bioavailability is important, considering the re-
liance of different populations around the world on
plant foods as their main source of calcium and the
failure of many in the United States to meet the
recommended daily allowance for calcium intake
(Lau et al., 1991; Weaver et al., 1997). Moreover, it has
been suggested that the contribution of dietary ox-
alate to urinary oxalate excretion is more substantial
than previously thought (Holmes and Assimos,
1998). Calcium oxalate crystals are the primary com-
ponent of most urinary stones (Baggio and Gambaro,
1995). Thus besides increasing the nutritional quality,
the ability to reduce the amount of oxalate in plant
foods would also decrease a potentially toxic com-
pound. The mutants that vary in the amount of ox-
alate suggest that the genetic manipulation of oxalate
levels in plants is feasible. In addition, such forage
crop mutants will allow the direct testing of biomed-
ical and nutritional issues associated with crystal
formation via animal feeding studies.

MATERIALS AND METHODS

Plant Materials

Medicago truncatula cv Jemalong ecotype A17 was used
in this study. All seeds were generously provided by Dr.
Douglas Cook (Texas A&M University, College Station).
Seeds were removed from their pods, acid scarified (con-
centrated H2SO4), rinsed in water, and sown in the appro-
priate medium. Plants were then grown under greenhouse
conditions.

Genetic Screen

EMS-mutagenized M2 M. truncatula seeds were gener-
ously provided by Dr. Douglas Cook. Details on the mu-
tagenesis procedure have been presented by Penmetsa and
Cook (2000). Individual plants were grown in Cone-tainers
(Hummert International, Earth City, MO) packed with ver-
miculite. The cone-tainers were then racked into sets of 200,
watered with a nutrient solution [1.2 mm KNO3, 0.8 mm
Ca(NO3)2, 0.3 mm KH2PO4, 0.2 mm MgSO4, 25 mm CaCl2,
25 mm H3BO3, 2 mm MnSO4, 2 mm ZnSO4, 0.5 mm CuSO4, 0.5
mm H2MoO4, 0.1 mm NiSO4, 0.04 mm CoCl2, and 50 mm
Fe(III)-citrate], and grown under greenhouse conditions.
After 3 to 4 weeks, leaf samples from each plant were
harvested, cleared in acetone, and visually inspected for
alterations in calcium oxalate crystal deposition (compared
with wild type) using light microscopy. Images of whole
leaf mounts were captured using a CCD72 camera

mounted on a light microscope (Axiophot, Zeiss, Jena,
Germany).

Segregation and Complementation Analysis

Segregation analysis was performed as described by
Koornneef and Stam (1991). In brief, each isolated mutant
was crossed with wild type (M. truncatula cv Jemalong
ecotype A17). The F1 seeds were planted and allowed to
self-fertilize. The resulting F2 seeds were then planted and
scored for the crystal phenotype. The x2 and P values were
obtained by using the statistical program CHITEST from
Excel (Microsoft, Redmond, WA). Complementation anal-
ysis was conducted by reciprocal crosses between the in-
dividual mutants. The resulting F1 seeds were then planted
and scored for the crystal phenotype.

Mutant Backcrosses

Each isolated M2 mutant was backcrossed to A17 to aid
in the removal of secondary mutations. All reported anal-
yses were conducted using plants that were backcrossed a
minimum of two times. We have since verified all crystal
phenotypes and oxalate measurements with plants back-
crossed a minimum of four times.

Oxalate Measurements

Oxalate levels were determined by a method similar to
that of Ilarslan et al. (1997). Tissue samples from 8-week-
old plants, grown in soil under greenhouse conditions,
were harvested and freeze-dried. Dried samples were then
weighed, ground in water, and centrifuged. The superna-
tant was decanted and analyzed for soluble oxalate levels
using an oxalate diagnostic kit (catalog no. 591–D, Sigma,
St. Louis). Total oxalate levels were determined by simply
omitting the centrifugation step and solubilizing the crys-
tals. Crystals were solubilized by the addition of H1-
Dowex (catalog no. 50 3 8–400, Sigma) in dilute acid. The
mixture was heated at 60°C for 1 h to dissolve the oxalate
crystals. The pH of the mixture was then adjusted (pH 5–7),
followed by charcoal filtration and centrifugation. The su-
pernatant was then analyzed for oxalate content according
to the manufacturer’s instructions (Sigma). In brief, the
oxalate was oxidized by oxalate oxidase to carbon dioxide
and hydrogen peroxide. The generated hydrogen peroxide
was then allowed to react with 3-methyl-2-benzothiazolinone
hydrazone and 3-(dimethylamino) benzoic acid in the pres-
ence of peroxidase to give an indamine dye that was read
at 590 nm. The values determined via the enzymatic ox-
alate kit were verified by HPLC according to Keates et al.
(2000). Standards were prepared from oxalic acid dihydrate
(Sigma) and used for both soluble and total oxalate mea-
surements as recommended by the manufacturer. All
plants used in these experiments were backcrossed at least
twice. Measurements were done in duplicate on three in-
dependently grown sets of plants (seven mutant lines and
one control), the results averaged, and se calculated. Each
set contained five plants for each mutant and control.
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Calcium Measurements

Plants were grown in soil for 8 weeks under greenhouse
conditions. Leaves were harvested, freeze-dried, and
stored dessicated. Weighed tissue samples were wet di-
gested with a nitric/perchloric acid mixture by heating to
150°C to 200°C while under vacuum until dry (Grusak,
1994). The dry digests were dissolved in 1 m nitric acid,
incubated for 1 h, and diluted with distilled water. To
determine the amount of calcium, each sample was ana-
lyzed by atomic absorption spectrophotometry (model
2100, Perkin Elmer, Norwalk, CT). All plants used in these
experiments were backcrossed at least twice. Each mea-
surement was done in duplicate on three independently
grown sets of plants, the results averaged, and se calcu-
lated. Each set contained five plants for each mutant and
control.
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